ABSTRACT An evaluation of muscle (pectoralis major) protein turnover using the phenylalanine flood dose technique was assessed in broiler chicks fed graded dietary lysine levels with CP at 170, 210, 250, and 290 g/kg diet. Chicks at 21 d old were injected with 1 mL/100 g BW of a phenylalanine solution (120 µmol L-[ring-2 H 5 )]-phenylalanine). Muscle protein gain was assessed in chicks at 19 and 23 d of age. No differences were found in weight gain at lysine levels higher than 1.22% of the diet. Dietary lysine levels affected fractional synthesis rate (FSR, %/ d) of muscle with 170 and 210 g of CP/kg diet but not with 250 and 290 g of CP/kg. However, there was increas-
INTRODUCTION
Dietary protein quality is an important factor influencing the efficiency of protein use for production parameters. The birds' response to dietary CP is thought to be influenced by the level of the first limiting amino acid (AA). Lysine is usually the second limiting AA in commercial broiler diets and numerous studies have been conducted to determine the lysine requirements of broilers Baker, 1991, 1994; Hurwitz et al., 1998; Edwards et al., 1999) . Dietary CP per se might influence the AA requirements in broiler chickens. Lysine requirements, expressed as a percentage of the diet, increase linearly with dietary CP level (Morris et al., 1987 (Morris et al., , 1999 Abebe and Morris, 1990a,b) .
Quality and quantity of dietary CP influence muscle protein mass (Grizard et al., 1995) and by inference, protein metabolism and muscle growth. Dietary CP intake (Kita and Okumura, 1993; Nieto et al., 1994) and dietary lysine (Tesseraud et al., 1996b (Tesseraud et al., , 2001 ) have been shown to 2004 Poultry Science Association, Inc. Received for publication March 9, 2004 . Accepted for publication July 12, 2004. 1 Permanent Address: Universidad del Zulia, Facultad de Ciencias Veterinarias, Avenida Goajira, Ciudad Universitaria, Maracaibo, Estado Zulia, Venezuela.
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ing FSR with increasing diet lysine levels at 290 g of CP/ kg. Breast muscle protein deposition (absolute growth rate, AGR, mg/d) reached a plateau with 1.22% dietary lysine at CP levels of 170, 210, and 290 g/kg diet, confirming the observation on gross muscle weight. In terms of absolute synthesis rate/AGR with minimal absolute breakdown rate (ABR), the diet containing 210 g of CP/ kg with 1.22% lysine was the most appropriate for chicks to 21 d. Levels of lysine influenced protein synthesis more so than protein degradation. These data suggest that both protein synthesis and breakdown increase at levels of dietary lysine and CP above those required for maximizing growth.
affect protein metabolism in broiler chickens. If the chick's dietary lysine needs increase linearly as CP increases, it is reasonable to consider that protein synthesis would increase as dietary lysine is increased (beyond normal requirements) in higher CP diets. However, it is also reasonable to expect that maximum protein deposition and growth rate is associated with an optimum requirement of CP and AA, where AA levels above those needed for growth does not improve protein deposition likely due to increased rate of protein catabolism. The objective of the present experiment was to evaluate the effect of dietary lysine added to diets of varied CP, on muscle protein turnover of broiler chickens at around 21 d of age.
MATERIALS AND METHODS

Birds and Experimental Design
One hundred and sixty 8-d-old male broiler chickens of a commercial strain (Ross 308) were randomly allocated to 1 of 14 treatments with 12 chicks per treatment. Each treatment consisted of 4 replicates of 3 birds each. Chicks were housed in an electrically heated Petersime battery brooder with feed and water available ad libitum. Light- ing was provided for 23 h/d. All birds were fed a commercial standard corn-soybean meal diet to 7 d (Table 1) . At this time, experimental diets were offered and fed to chicks to 21 d of age. Three basal diets, wherein 2 protein concentrates (290 g of CP/kg diet, with lysine at 1.46 or 0.86% diet) and a protein-free diet with identical calculated metabolizable energy content were formulated to prepare the experimental diets ( Table 1 ). The protein concentrate diets were formulated to have the essential AA, other than lysine, at levels at least 1.2 times the broiler NRC (1994) requirements for broiler chicks. The protein and AA levels of the corn, soybean meal, and corn gluten meal were assayed before formulation. Diets with CP levels of 170, 210, 250, and 290 g/kg were formulated by mixing the 2 basal protein concentrates and the nitrogenfree diet to provide the 4 levels of CP and 4 levels of lysine (0.86, 1.22, 1.34, and 1.46% diet) as shown in Tables  2 and 3 . The diet with 170 g of CP/kg contained lysine only at 0.86 and 1.22% of diet (Table 2) because the higher levels of lysine were found to cause growth depression (M. Urdangta, Rincon, 2002, unpublished data). Where required, L-lysine HCl was added to achieve the desired level of lysine.
At d 7, all birds were weighed, wing-banded, and randomly allocated to battery brooder pens in such a way that each pen had chicks of approximately the same initial weight. A growth assay was carried out on birds from 7 to 21 d of age. Cage mean feed intake, feed conversion (feed:gain), and BW were calculated at weekly intervals. Mortality was recorded daily.
Measurement of Protein Turnover
Muscle protein synthesis was measured in vivo in 21-d-old chicks according to the flooding-dose technique (Garlick et al., 1980) , validated in chickens by Muramatsu and Okumura (1985) . Five chicks per treatment were fasted for 4 to 5 h, weighed and then injected intravenously with 1 mL/100 g BW of a phenylalanine solution (120 µmol L-[ring-2 H 5 )]-phenylalanine). Fifteen minutes after dosing, chicks were euthanized and exsanguinated. Blood was collected in heparinized tubes and immedi- ately centrifuged. A sample of the left breast muscle (pectoralis major) was removed, immediately frozen in liquid nitrogen, and stored at −20°C until analysis.
To determine the free and protein-bound phenylalanine pool, frozen muscle tissues were ground in liquid nitrogen. About 1 g of the pulverized tissue sample was homogenized in 2 M trichloroacetic acid solution. The homogenate was centrifuge at 2,000 × g for 20 min. The supernatant (containing the free pool) was applied to a cation-exchange column (H + -from) and free Phe was eluted with NH 4 OH. The pellet (containing the bound pool) was washed 3 times in trichloroacetic acid, hydrolyzed in HCl, and processed as described for the free pool. The tracer enrichments in the free and bound pools were determined by gas chromatography-mass spectrometry using n-propyl heptafluorobutyrate derivative according to Culea and Hachey (1995) . Amino acid Nheptafluorobutyryl n-propyl ester derivatives were separated and monitored through total ion chromatography using an appropriate capillary column on a gas chromatography-mass spectrometry system in the mode of electron impact or negative chemical ionization with methane as a reagent in an appropriate m/z range (Culea and Hachey, 1995 
Statistical Analysis
The experiment was arranged as a 4 × 4 factorial (CP × lysine) experiment. Results of the 2-way analysis showed interactions (P < 0.001) in the response variables measured. Therefore, the experiments were arranged as a complete randomized design with replicate as the experimental unit for each level of dietary CP. A one-way AN-OVA was used to test the effect of dietary CP treatments for 210, 250, and 290 g of CP/kg diet to increasing lysine levels and the effect of dietary lysine level at various CP levels. Response variables having a significant F-test (P < 0.05) were analyzed using Tukey's standard range test (Steel et al., 1997) . For comparisons of the diet with 170 g of CP/kg to dietary lysine levels, a t-test procedure was used with a significant P value of <0.05. Fractional synthesis rate and FBR were analyzed using a linear regression model [Y = a + B(x)].
RESULTS
Growth Performance
Broiler growth in relation to dietary CP and lysine levels is shown in Table 4 . Body weight gain was affected by dietary lysine levels within each diet series. Increasing dietary lysine level from 0.86 to 1.22% with 210, 250, and 290 g of CP/kg improved weight gain by about 26, 50, and 90%, respectively. No significant improvement in weight gain was noted when diet lysine was more than 1.22%, regardless of diet CP level. Growth of chicks fed 170 g of CP/kg diet was also affected by dietary lysine level in that weight gain and breast muscle weight were negatively affected (−12%) as lysine level was increased from 0.86 to 1.22% of diet. Increasing lysine from 0.86 to 1.22% of diet with CP at 210, 250, and 290 g/kg improved muscle pectoralis weight by about 70, 90, and 60%, respectively. However, lysine levels greater than 1.22% did not affect muscle weight of chicks fed 210, 250, and 290 g of CP/kg. Feed intake was also affected by dietary lysine levels (Table 4) . Feed intake of chicks fed 250 and 290 g of CP/kg diet was lower when dietary lysine level was 0.86%. No significant differences in feed intake were found with CP at 250 or 290 g/kg diet when lysine was greater than 1.22% of diet. Feed conversion was not affected by lysine level.
Muscle Protein Turnover
The fractional rates of protein synthesis, growth, breakdown, and the absolute synthesis, breakdown, and growth rates in muscle (pectoralis major) of broiler chickens at 21 d of age as affected by the various experimental diets are shown in Tables 5 and 6 . Dietary CP and lysine levels both influenced muscle FSR (%/d). Increasing dietary lysine levels affected FSR of broiler pectoralis major muscle at 170 and 210 g of CP/kg diets. Levels of lysine at 1.34 or 1.46% in diets containing CP to 210 g/kg increased FSR by about 20% in pectoralis major muscle of chicks compared with those fed lysine to 0.86 or 1.22% of the diet. At 170 g of CP/kg diet, the increase in FSR in response to increasing lysine levels from 0.86 to 1.22% diet was less noticeable (around 3%). No differences in FSR in response to lysine were found at higher inclusion levels of CP (250 and 290 g of CP/kg). Absolute synthesis rate (mg/d) was influenced by lysine and CP levels. Increasing lysine levels resulted in increased ASR at all dietary CP levels used. Significant increases in ASR were found for 170, 210, 250, and 290 g CP/kg diets with dietary lysine levels of 1.22, 1.34, 1.22, and 1.22%, respectively. Fractional growth rate (%/d) was not affected by the various inclusion levels of lysine at the CP levels used. Absolute growth rate (mg/d) was influenced by the level of lysine at each CP level, generally improving as lysine was increased at each CP level. A plateau in AGR was reached for 170, 210, 250, and 290 g of CP/kg diet with lysine at 1.22% of diet. Fractional breakdown rate (%/d) of pectoralis muscle of chicks increased with dietary lysine at 1.34 or 1.46% vs. 0.86 or 1.22% at 210 g of CP/kg diet. No differences were found in FBR with 170, 250, and 290 g of CP/kg diet in response to dietary lysine levels. Absolute breakdown rate (mg/d) showed a similar pattern of increase as CP and dietary lysine were increased at each CP level. Inclusion levels of lysine higher than 1.22% of diet increased ABR in the diet containing 210 g of CP/kg diet.
DISCUSSION
Weight gain increased as dietary lysine level was increased up to 1.22% with CP at 210, 250, and 290 g/kg diet. However, weight gain was reduced as lysine level was increased when chicks were fed only 170 g of CP/ kg diet (Table 4 ). This reduction in weight gain of around 12% was associated with a 14% decline in feed intake. Means within a column for each CP level with no common superscript differ significantly (P < .05). Feed intake is influenced by dietary CP and amino acid levels (Aletor et al., 2000; Sklan and Plavnik, 2002) . Any deficiency (Almquist, 1954) or excess of amino acids (D'Mello and Lewis, 1971) has been shown to reduce feed intake. Thus, the reduction in feed intake when chicks were fed 170 g of CP/kg diet with 1.22% lysine might be related to a specific excess of lysine that caused a toxic effect in the chicks. Muscle protein synthesis was influenced by the addition of lysine to diets varying in CP from 170 to 290 g of CP/kg diet (Table 5 ) and by the level of CP per se. Changes in the response of the variables depended on the inclusion levels of lysine and CP. Increase of muscle protein mass with diet CP levels of 170 and 210 g/kg resulted mainly from increase in FSR as both CP and dietary lysine levels increased. Muscle accretion reached a plateau in response to lysine at each level of CP. Results of FSR for pectoralis muscle of chicks to standard CP and lysine levels are of the same magnitude as those reported by Jones et al. (1986), and Tesseraud et al. (1996a,b) .
Breast muscle protein deposition (AGR) reached a plateau with 1.22% dietary lysine (Table 5) at CP levels of 170, 210, and 290 g/kg diet, confirming the observation on gross muscle weight (Table 4 ). The exception was seen with 250 g of CP/kg diet, where AGR reached a plateau with lysine at 1.3%. These findings of increasing AGR as lysine is increased support the findings of Tesseraud et al. (1996b Tesseraud et al. ( , 2001 . These authors showed an increase in AGR of about 150 to 300% as lysine was increased from 0.7 to 1.01% of the diet. In our study, increments obtained in AGR as lysine was increased from 0.86 to 1.22% were about 15%. These values are lower than those reported by coworkers (1996b, 2001) , perhaps because the lowest level of lysine used here, namely 0.86%, Interaction P < 0.0001 P < 0.0001 P < 0.001 NS P < 0.0001 P < 0.0003 CP level P < 0.0001 P < 0.0001 P < 0.0001 P < 0.003 P < 0.004 P < 0.0001 Lysine level P < 0.0001 P < 0.001 P < 0.0001 NS P < 0.0001 P < 0.01 1 ASR = absolute synthesis rate; FSR = fractional synthesis rate; AGR = absolute growth rate; FGR = fractional growth rate; FBR = fractional breakdown rate; ABR = absolute breakdown rate.
was substantially greater than the lowest level of 0.7% used by these researchers.
The energetic cost of protein accretion in broiler chickens has been estimated to be 0.7 kcal/g of protein synthesized (Buttery and Boorman, 1976) . Energetically, protein synthesis is a more demanding process than proteolysis because the former requires 4 to 7 mol of ATP for peptide bond formation, in contrast to 1 to 2 mol of ATP for peptide breakdown (Bequette, 2003) . Thus, greater growth efficiency is expected when protein deposition is maximized and the ratio of protein synthesis to protein deposition (ASR/AGR) is minimized (Birkett and de Lange, 2001) . Considering this approach, the most efficient scenario for muscle protein deposition in chicks to 21 d of age was with dietary CP at 210 g/kg and lysine at 1.22%. This situation is helped by the fact that ABR was reduced with this dietary treatment. These data confirm the findings of Fuller et al. (1987) , who suggested that the increase in protein deposition due to increased lysine supplementation was the result of a reduction in protein breakdown.
Absolute growth rate (mg/d) reached a plateau after CP and lysine requirements for optimal growth were achieved. The lack of response in increase of muscle protein deposition to dietary lysine levels higher than 1.22% and CP level ≥210 g/kg indicates a maximum growth potential which is genetically predetermined (Millward, 1995) . Muscle mass is controlled by the number and size of myofibers (Lawrence and Fowler, 2002) , with the number of muscle fibers being fixed during embryonic development (Dayton and Hathaway, 1989) . Protein synthesis is a function of the synthetic capacity, which is mediated by the numbers of ribosomes (Reeds, 1989) . Results of the present study indicate that FSR increased as dietary lysine was increased with diet CP at 170 and 210 g/kg diet. No differences were found in FSR at higher dietary CP levels, regardless of the lysine level. However, there was a tendency for an increase in FSR with increasing levels of lysine when CP was at 210 or 250 g/kg, and especially with CP level of 290 g/kg diet. Similarly, FBR tended to increase as inclusion levels of lysine and CP increased at high CP levels. Any increase in protein synthesis is often a consequence of a decrease in AA catabolism (Gahl et al., 1998) . Results of the present study show that ABR increased as lysine was increased at dietary CP levels of 170 and 210 g/kg of diet. The metabolic process involved in lysine catabolism is adapted to the level of intake (Blemings et al., 1998) , implying an increase in lysine catabolism as dietary lysine concentration is increased.
The current findings illustrate that rates of protein synthesis and breakdown are a function of lysine and protein intake, where higher dietary inclusions of these nutrients increase both the protein synthetic and degradative capacities of muscle cells. Reeds (1989) stated that increases in nutrient intake above those required for nitrogen equilibrium are moderated by increases in both synthesis and degradation. Therefore, inclusion levels of lysine and protein above those required for optimal growth increases protein synthesis. However, protein deposition (AGR) is little affected because of an increase of the degradative system. This is in agreement with the findings of Fuller et al. (1987) who found that in pigs, increasing dietary CP level at constant lysine intake increased FSR and FBR, whereas body protein deposition was unchanged. Thus, increasing dietary lysine levels and protein above that required for growth does not improve protein accretion and reduces the energetic efficiency of protein deposition. The lack of response to inclusion levels of lysine at high dietary CP levels suggests that lysine requirements for muscle protein deposition are independent of dietary CP level as long as dietary protein level does not limit muscle protein deposition.
Results of the present study suggest that dietary levels of lysine and CP above those required for maximizing growth increase the rate of protein synthesis and degradation. Optimal protein deposition in 21-d-old male broilers, based on AGR and FSR/FBR, was found in diets with 210 g of CP/kg and lysine at 1.22% where efficiency of protein deposition was maximized.
